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Abstract 

Solid solutions of (1-x)BaTiO3–xBi(Mg2/3Nb1/3)O3 (0 ≤ x ≤ 0.6) were prepared via a standard mixed-oxide solid state 

sintering route and investigated for potential use in high-temperature capacitor applications. Samples with 0.4 ≤ x ≤ 

0.6 showed a temperature independent plateau in permittivity (r). Optimum properties were obtained for x = 0.5 

which exhibited a broad and stable relative r ~ 940±15% from ~ 25°C to 550°C with a loss tangent < 0.025 from 74 

to 455°C. The resistivity of samples increased with increasing Bi(Mg2/3Nb1/3)O3 concentration. The activation 

energies of the bulk were observed to increase from 1.18 to 2.25 eV with an increase in x from 0 to 0.6. These 

ceramics exhibited excellent temperature stable dielectric properties and are promising candidates for high 

temperature multilayer ceramic capacitors for automotive applications. 

Keywords: Dielectric materials/properties; Electroceramics; Lead-free ceramics; Impedance spectroscopy 

I. Introduction 

Ceramic capacitors are the most extensively used components in modern electronic devices. Trillions of pieces of 

these ceramics are manufactured every year and hundreds of multilayer ceramic capacitors are used in typical 

electronic devices facilitating everyday life such as cell phones and computers.1 The technological importance of a 

material can be recognized by its dielectric behavior and BaTiO3, referred to as the cornerstone of the electroceramic 

market, is the base material for the majority of ceramic capacitors.2 The Electrical Industries Association (EIA) 

designate the upper working temperature range of X7R, X8R and X9R capacitors as 125°C, 150°C and 200°C, 
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respectively, where X shows the lower operating temperature (X = -55°C) and R shows the variation in capacitance 

(i.e. ±15%).3-5 The multifold increase in the use of electronic devices during the last few decades has significantly 

increased the demand for capacitors for applications in extreme environmental conditions. Such capacitors should be 

stable at temperatures approaching or exceeding 200°C, for example, for use in down-hole oil and natural gas 

explorations, aerospace and military equipment, and under-hood automotive electronics.6, 7  

Pb-containing perovskite dielectrics are known to operate at temperatures higher than BaTiO3-based but PbO is 

toxic and therefore Pb-free ceramics are preferred.8, 9 Recent studies have therefore focused on Bi-based perovskite - 

BaTiO3 solid solutions for the development of high temperature ceramic capacitors. Many such compounds show 

promising dielectric properties at > 200°C, including: Bi(Mg1/2Ti1/2)O3–BaTiO3;
10 BaTiO3–BiScO3;

11 BaTiO3–

Bi(Zn1/2Ti1/2)O3–BiScO3;
12 Bi(Zn2/3Nb1/3)O3–(K0.5Na0.5)NbO3;

13 (1-x)Ba0.8Ca0.2TiO3–xBi(Mg0.5Ti0.5)O3;
14 

(1−x)Ba0.8Ca0.2TiO3–xBi(Zn0.5Ti0.5)O3;
15 BaTiO3–Bi(Mg0.5Zr0.5)O3

16, Bi0.5Na0.5TiO3–NaNbO3
17 and 

(Ba0.8Ca0.2)TiO3–Bi(Mg0.5Ti0.5)O3–NaNbO3.
18 All these solid solutions exhibit stable relative permittivities (r) over 

a wide range of temperature. In some cases, temperature stable r arises due to the overlap of two broad permittivity 

peaks while in others, structural and compositional heterogeneities have been reported to contribute to the flattening 

of r,
14 as demonstrated by the core-shell grain structures identified in BaTiO3–BiScO3.

11  

Recently, (1-x)BaTiO3–xBi(Mg2/3Nb1/3)O3 (x = 0.1) has been reported as a promising candidate material for high 

temperature capacitor applications due to its high r (6800±15%) and low loss (tan ≤ 0.09) at temperatures ranging 

from 25°C to 240°C (1 kHz).19 Wang et al.20 investigated the same 0.8BaTiO3–0.2Bi(Mg2/3Nb1/3)O3 system and 

reported relaxor-like behaviour with a temperature stable permittivity response from -50 to 300°C. This work was 

followed by Ma et al.21 who processed BaTiO3–Bi(Mg2/3Ta1/3)O3 solid solution for applications at lower 

temperatures but utilized more expensive Ta2O5 rather than Nb2O5. Here, we report the processing and dielectric 

properties of (1-x)BaTiO3–xBi(Mg2/3Nb1/3)O3 in which 0.4≤x≤0.6 exhibit a temperature independent plateau of r up 

to high temperatures (>500 oC). 

II. Experimental procedures 

To prepare (1-x)BaTiO3–xBi(Mg2/3Nb1/3)O3 (0 ≤ x ≤ 0.6) batch compositions, BaCO3 (Sigma Aldrich, ≥99%), TiO2 

(Sigma Aldrich, ≥99%), Nb2O5 (Alfa Aesar, ≥99.5%), MgO (Sigma Aldrich, ≥99.9%) and Bi2O3 (Sigma Aldrich, 
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≥99.9%) were weighed in stoichiometric ratios. BaCO3 and Bi2O3 were dried at 180°C while other oxides were 

heated at 800°C to remove moisture and hydroxides prior to batch preparation. All the batches were mixed-milled in 

polyethylene jars for 12 h, using isopropanol as lubricant and Y-toughened zirconia balls as grinding media. The 

resulting slurries were dried at 90°C overnight and then sieved. These powder samples were calcined in a muffle 

furnace at 900-1150°C for 6 h, at a heating/ cooling rate of 5°C/min. The calcined powder samples were re-milled 

using an agate mortar to dissociate agglomerates and pressed into ~ 3 mm high, 10 mm diameter cylindrical pellets 

using a uniaxial pellet press. The pellets were sintered at temperatures ranging from 1050 to 1350°C for 4h in air, at 

heating/cooling rate of 5°C/min. The density of the pellets was measured using a high precision electronic 

densitometer (Mettler Toledo, Switzerland). Phase analysis was carried out using a D5000 Siemens X-ray 

diffractometer (Germany), with CuK = 1.5418 Å radiation. The lattice parameters were refined using least squares 

method. For electrical properties measurements, the opposite circular surfaces of sintered pellets were coated with 

gold paste and fired at 800°C for 2 h. The relative permittivity and dielectric loss at 1 kHz-1 MHz were measured in 

the temperature range ~ 25 to 550°C, using a HP 4284A precision LCR Meter (20 Hz -1 MHz). Impedance 

spectroscopy of these samples was carried out using a E4980A (Agilent) impedance analyzer at 20 Hz-2 MHz. 

III. Results and discussion 

The room temperature X-ray diffraction (XRD) patterns of (1-x)BaTiO3-xBi(Mg2/3Nb1/3)O3 (0 ≤ x ≤ 0.6) samples 

sintered at their optimized temperatures are shown in Fig. 1. The XRD patterns at x = 0 (i.e. BaTiO3) matched PDF# 

01-074-1956 for the tetragonal (P4mm) BaTiO3 phase. The splitting of the diffraction peak near 2 ~ 45° almost 

disappeared at x ≥ 0.05 which suggested the formation of pseudo-cubic or cubic structures, consistent with the 

previous study.19 The XRD patterns shifted towards lower 2 which demonstrated an increase in lattice parameters 

and hence, an expansion of the unit cell (Fig. 2). No second phase peaks were observed within the detection limit of 

the in-house XRD, which confirmed the formation of a solid solution between BaTiO3 and Bi(Mg2/3Nb1/3)O3 for x  

0.6. According to the principles of crystal chemistry and radius-matching rule, Bi+3 (1.36 Å)22 ions are expected to 

occupy the A-site with rBa+2 =1.61 Å 23 and Mg+2 (0.72 Å)23 and Nb+5 (0.64 Å)23 are expected to occupy the B-site 

with rTi+4 = 0.605 Å 23 of the host lattice (equation 1). 

)1(Nb3/1gM3/23Bi)ONbBi(Mg TiTi
x
OBa

matrix BaTiOin 

31/32/3

3

 
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The addition of Bi3+ with (Mg2/3Nb1/3)
3+ maintains charge neutrality without the formation of metal and/or oxygen 

vacancies.  

Plots of r and tan versus temperature measured at 1kHz-1MHz are shown in Fig. 3. The x = 0 compound exhibited 

a sharp Curie point (tetragonal-cubic phase transition i.e. Tc) near ~126°C with a large frequency dispersion at 

higher temperatures, typical behavior of un-doped BaTiO3.
21 Broadening of the peak in r was observed as x 

increased from 0.05 to 0.1 along with a shift in Tc to below room temperature. r versus temperature flattened further 

with an increase in x (≥ 0.2) and showed relaxor-like behavior. Relaxor-like characteristics appear when a 

crystallographic site is shared by two cations which results in an increase in the random fields that inhibit the 

development of long range polar ordering.20 In the present case, A-site and B-site were shared by two (Ba2+, Bi3+) 

and three cations (Ti4+, Mg2+ and Nb5+) respectively which may be the cause for the observed relaxor-like behavior. 

An anomalous behavior was observed for the x = 0.3 sample (Fig. 3) which showed a peak at ~ 475°C which may be 

associated with phase transition; however, the use of an alternate technique (like in-situ XRD, TEM or Raman) may 

be required to confirm the observed behavior. 

Initially, the temperature (Tm) corresponding to the highest value of r decreased from ~126°C (for x = 0) to ≤ 25°C 

(for 0.05-0.1 and then increased upon further increase in Bi(Mg2/3Nb1/3)O3 concentration (Table. 1). This kind of 

behavior has been previously reported for BaTiO3-Bi(Mg1/2Ti1/2)O3 solid solutions and the initial depression of Tm 

has been attributed to the relatively less interaction of Bi3+, Mg2+ and Ti4+ ions. After reaching at a certain level, the 

interaction of these ions enhanced and caused the observed high Tc character of BMT.24 r at Tm also decreased with 

an increase in x (Table 1).19 Fig. 4 shows the percent (%) change in r of (1-x)BaTiO3-xBi(Mg2/3Nb1/3)O3 (0.4 ≤ x ≤ 

0.6) solid solution as a function of temperature at 1 kHz. It is evident from Fig. 4 that the observed change in r is 

within 15% over a wide temperature range for compositions with x > 0.3. The operating temperature ranges and 

dielectric loss of these compositions extracted from Fig. 3 are given in Table. 1 and compared with relevant data 

from previous studies.10,12,14,19,21,25  Compositions with x = 0.5 were stable in the temperature range ~25°C to 550°C 

with a <15% change inr (r max = 940) and tan < 0.025 (at 1 kHz) from 74 to 455°C whereas the operating 

temperature of compositions with x = 0.6 indicated <10% variation in r in the temperature range 55°C to 543°C 

with r max= 726. 
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Impedance spectroscopy (IS) is a powerful technique to investigate the electrical microstructure of ceramics.26 The 

complex impedance plane plots (Z' versus Z'') showed two mutually overlapping electro-active regions for the x ≤ 

0.1 compositions. Fig. 5 shows the complex impedance plot of the x = 0 sample recorded at 450°C which was 

further followed by the spectroscopic plot M''/o and Z'' as a function of frequency. The observed high frequency 

semi-circle or arc corresponds to the grain (i.e. bulk) while the low frequency arc corresponds to the grain 

boundary27 which were further confirmed from the corresponding capacitances extracted from the plots (Fig. 5) 

using equation (2) and (3) 

)2(
2

1
  C

)Zmax(





 Rf

 

)3(
/M2

1
  C

max





o

 

The x ≥ 0.2 samples showed a single arc which is believed to be associated with the grain because of the capacitance 

values ~ 10-11 F as shown for the typical composition with x = 0.6 at 750°C, Fig. 5.27 The observed coincidence of 

the peaks in the plots of M'' and Z'' versus log(f) showed that the samples could be represented by a single parallel 

RC element in which both the total resistance and capacitance correspond to the bulk.28 The observation of Debye-

like single peaks at similar frequencies demonstrated the electrical homogeneity of the sample. The x = 0.5 sample 

exhibited the most promising properties; therefore, this sample was thoroughly investigated using IS (Fig. 6). Fig. 6a 

shows the Nyquist plots (Z' versus Z'') of the x = 0.5 sample which demonstrated a decrease in resistivity with an 

increase in temperature. A single semi-circular arc was observed at each temperature indicative of a single electro-

active region. This was followed by the spectroscopic plots (M''/o versus logf, Fig. 6b) with a single peak which 

shifted towards higher frequency with an increase in temperature. This observation indicated an increase in the 

mobility of charge carriers. To further investigate the electro-active region, a combined spectroscopic plot of Z'' and 

electric modulus M''/o were examined which showed Debye-like single peaks at the employed frequencies (Fig. 

6c). These observations demonstrated a homogenous electrical microstructure of the sample in the investigated 

temperature range. To find the nature of electro-active region, the capacitance values were also extracted (Fig. 6d). 

A small variation in the capacitance was observed in the range of 10-11 F, consistent with the capacitance of bulk 

ferroelectrics.27 The decreasing trend in resistivity (Fig. 6d) with increasing temperature gave a negative temperature 
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coefficient of resistivity (NTCR), a typical semi-conducting behavior. The temperature dependence of conductivity 

indicated that the ionic conduction may be responsible for the observed increase in conductivity and oxygen vacancy 

was the most mobile ionic defect. Arrhenius plots of ıg and ıgb were extracted from M''/o and Zƍƍ spectroscopic 

plots which were also used to determine the activation energy associated with conduction, given by equation (4) 

)4(  o 


TK

E

B

a

e  

Where ɐ௢ is the pre-exponential factor, ܭ୆ is the Boltzmann’s constant, T is temperature, and ܧ௔ is the activation 

energy. Ea was calculated from the slope of log( versus 1000/T. The conductivity of the x ≥ 0.2 samples was ~ 10-7 

S/cm at 600°C, suggesting the highly insulating behavior with activation energies ranging from 1.58 to 2.25 eV 

(Table 2), calculated from the slope in Fig. 7. The composition with x = 0.4 showed an anomalous but the 

discrepancy could not be understand and might need further investigations (Table 2). The motion of oxygen 

vacancies give rise to activation energy and are considered as the most mobile charge carriers in perovskite 

ferroelectrics.29 These vacancies create conducting electrons which can be easily activated thermally; however, the 

present activation energies for conduction for samples x ≤ 0.2 suggested the possibility of electrical conduction due 

to the mobility of oxygen ions (O2-) or oxygen ion vacancies OV   at higher temperatures and hence ionic conduction 

may be responsible for the degradation of resistivity at higher temperatures.29, 30 However, the large activation 

energies of samples x ≥ 0.03 suggest an intrinsic conduction mechanism i.e. carrier excitation across an intrinsic 

band gap.31, 32 Nonetheless, the compounds with 0.4≤ x ≤0.6 could be ideal candidate materials for high voltage and 

high temperature power applications33 due to their low dielectric loss and temperature stable relative permittivity 

over a wide temperature range. 

IV. Conclusions 

(1-x)BaTiO3–xBi(Mg2/3Nb1/3)O3 (x = 0-0.6) solid solutions were processed through a conventional mixed-oxide solid 

state sintering route. Compositions with 0.4≤x≤0.6 exhibited a temperature independent r over a broad temperature 

range. The resistivity of these samples increased with increasing Bi(Mg2/3Nb1/3)O3 concentration, commensurate 

with an increase in bulk activation energies from 1.18 to 2.25 eV. However, the conductivity increased with an 

increase in temperature indicating semiconducting behavior at higher temperatures (≥ 500°C). The low dielectric 
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loss and temperature stable r make (1-x)BaTiO3–xBi(Mg2/3Nb1/3)O3 solid solutions with 0.4 ≤ x ≤ 0.6 potential 

candidates for high temperature capacitor applications. 
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Table 1. Dielectric properties of (1-x)BaTiO3–xBi(Mg2/3Nb1/3)O3 (x = 0.3-0.6) 

Sample Tm (°C) 
(1 kHz) 

r (max) 
(1 kHz) 

T-range (°C) 
r ± 10% 
(1kHz) 

T-range (°C) 
r ± 15% 
(1kHz) 

T-range (°C) 
tan < 0.025 

(1kHz) 
BT-BMNb (x = 0.3)  
present work 

30 1010 151-350 
r = 857±10 

77-395 
r = 857±15 

45-437 

BT-BMNb (x = 0.4) 87 1007 ~ 25-472 
r = 933±10 

~ 25-550 
r = 933±15 

57-380 

BT-BMNb (x = 0.5) 
present work 

96 974 40-487 
r = 940±10 

34-550 
r = 940±15 

74-455 

BT-BMNb (x = 0.6) 
present work 

106 737 55-543 
726 

44-550 
r = 726±15 

87-350 

0.5BCT-0.5BMT13 120 875 45-550 
r = 800±10 

-- 100-430 

0.5BT-0.25BZT-0.25BS 
(Ba-deficient)11 

100 1000-
1100 

100-500 
r = 1100±10 

-- 100-450 

0.6BT-0.4BMT9 200 2000 200-400 
r = 2000±10 

-- 200-400 

0.85BT–0.15BMT+2wt% 
Nb2O5

23 
14 & 130 900 -55-155 

r = 900±10 
-- 0-200 

0.9BT-0.1BMTa19 ~ 25 
&130 

1278 -- 30-150 
r = 1278 

30-198 (tan < 
0.02) 

0.9BT-0.1BMNb17 -- 6800 -- 20-240±15 
r = 6800±15 

30-198 (tan < 
0.09) 

*BCT-BMT (Ba0.8Ca0.2TiO3-BiMg0.5Ti0.5O3), BT-BZT-BS (BaTiO3-BizZn0.5Ti0.5O3-BiScO3), BT-BMT (BaTiO3-
BiMg0.5Ti0.5O3), BT-BMTa (BaTiO3–xBiMg2/3Ta1/3O3), BT-BMNb (BaTiO3–xBiMg2/3Nb1/3O3) 

 

Table 2. Activation energies of bulk (Eb) and grain boundary (Egb), resistivities (b) and conductivities (b) of bulk 

at 600oC 

x 0 0.05 0.1 0.2 0.3 0.4 0.5 0.6 
Eg/Egb (eV) 1.18/1.45 1.16/1.24 1.30/1.47 1.58 1.87 1.93 2.24 2.25 
b (ȍ-cm) *4.8×103 *9.4×103 8.3×103 1.4×106 5.4×106 7.53×105 6×106 6.2×106 
b (S/cm-1) *2.1×10-4 *1.1×10-4 1.2×10-4 7.2×10-7 1.8×10-7 1.32×10-6 1.7×10-7 1.6×10-7 
*(500oC) 
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Fig. 1. Room temperature XRD patterns of (1-x)BaTiO3–xBi(Mg2/3Nb1/3)O3 (x = 0-0.6) sintered at their 

optimum temperatures 
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Fig. 2. Lattice parameters of (1-x)BaTiO3–xBi(Mg2/3Nb1/3)O3 (x = 0-0.6) 
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Fig. 3. r and tanį versus temperature plots for (1-x)BaTiO3–xBi(Mg2/3Nb1/3)O3 at 1 kHz–1 MHz 
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Fig. 4. Change in relative permittivity as a function of temperature for (1-x)BaTiO3–xBi(Mg2/3Nb1/3)O3 (x 

= 0.3-0.6) 
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Fig. 5. Impedance spectroscopic plots of samples x = 0 and x = 0.6 
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Fig. 6. a) Nyquist plot, b) spectroscopic plot log(f) versus M''/o, c) plot of Z'' and M''/o versus frequency 

and d) frequency dependent capacitance and resistivity of the x = 0.5 sample  
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Fig. 7. Arrhenius plot of conductivity of (1-x)BaTiO3–xBi(Mg2/3Nb1/3)O3 (x = 0-0.6) 


